INTRODUCTION
Although it can be said that the f i t siderophore (mycobactin) was isolated as early as 1912 (ref. 1) it was nearly half a century later that mycobactins, and subsequently other siderophores, were characterized as low-molecular weight femc ion chelating agents that are produced specifically by microorganisms in order to solubilize and take up iron (ref. 2, 3) . Since iron is absolutely required by all except a few microorganisms, and is certainly required by all pathogenic bacteria, understanding the uptake of iron by siderophores and the regulation of this process has been a significant problem in an area of biochemistry that includes portions of bioorganic and bioinorganic chemistry (ref. 4, 5) . In recent years the medical significance of siderophore mediated iron transport has increased as our understanding of the role of iron in several disease states has increased. The toxicity of iron when present in excess, as occurs with p thalassemia major (Cooley's anemia), is well documented and will not be further reviewed here (ref. 6, 7, 8, 9, lo) . The role of iron in tissue damage following a heart attack has more recently been characterized. Approaches to minimizing tissue damage following a heart attack, using ferric ion sequestering agents, are being explored in a number of laboratories around the world (ref. 11, 12) . More significant for this presentation, it has become very clear that iron plays a key role in the pathogenicity of many (perhaps most) diseases caused by bacterial infections. The number one killer of children in the world, infantile enteritis, is one example (ref. 13, 14) . Cholera (ref. Our research has focused on the coordination chemistry aspects of siderophore-mediated transport. As shown in Figure 1 , the substitution of Fe3+ by Cr3+ gives a molecule that is unchanged in geometry but quite different in its ligand exchange properties and optical spectra. This represented the first use of a kinetically inert siderophore metal complex (ref. 18, 19 iron uptake. Shown in Figure 1 is the siderophore produced by Ustilaeo Sphaeroeenq, ferrichrome, one of the first siderophores or family of siderophores characterized. In Figure 2 is shown an example of the use of the chromic ferrichrome complex in probing siderophore mediated iron uptake. Using a radioactive label for the natural iron ferrichrome complex, the rate of uptake of the iron could be monitored as shown in Figure 2 . However, since in principle this complex could be labile, it was not known whether the ligand was accompanying the iron uptake. The observation that the chromicsubstituted complex was taken up at the same rate (observed under a microscope the microorganism can be seen to turn green!) constituted the first example oa a kinetically-inert complex used to probe siderophore mediated iron uptake. The result of this and similar experiments (ref. 4) has established a general pattern: that iron uptake mediated by siderophores normally involves direct transport of the metal complex via active transport processes that utilize proteins imbedded in the outer membrane. These proteins recognize particular features of the siderophore complex and are highly sensitive to the geometry at the metal center, as will be shown. Recognition and transport of natural and synthetic siderophores 775 Figure 3 illustrates another example of metal ion substitution. Since iron release from these powerful complexing agents is an essential portion of the transport process, one important question is whether a redox process is a determinant in the overall kinetics of iron uptake. Early on it was suggested that Ga3+, a very close structural analog to high spin Fe3+, could be used for this purpose. Since gallium has no stable +2 oxidation state, any process that requires reduction of Fe3+ to Fez+ would show very different behavior when gallium is substituted in place of iron. In a key early experiment Tom Emery and coworkers (ref. 21) examined this issue. A more extensive examination of the role of a redox process in the rate of iron uptake mediated by ferrioxamine B into StreDtomvces pilosus showed that the metal ion uptake rate was the same whether the gallium complex or the ferric complex was used (ref. 22) . This showed that the kinetics of the transport process did not involve reduction. Iron release via reduction is a later event that follows the active transport of the complex into the cell.
The use of the optical spectra of siderophore complexes to predict coordination geometry or chirality was first accomplished in the case of enterobactin (ref. 23) (Figure 4) . Again, substitution of Fe3+ by Cr3+ gives a characteristic absorption spectra. In the case of the VISAJV spectrum (upper panel in Figure 4 ) the individual ligand field transitions do not show up clearly because of the strong charge transfer tail in the near UV. In contrast, the circular dichroism spectrum (lower panel) is very clean and, compared to the corresponding chromic ferrichrome complex, clearly shows that the metal center in enterobactin has an opposite chirality to that of the metal center in ferrichrome. Since the crystal structure of ferrichrome A had been determined and the absolute configurations was known to be A, this established the chirality of the metal center in enterobactin as A. The metal complex of enterobactin is a diastereoisomer, since the chirality of the ligand is imposed by its formation from three serine molecules. Many studies have now shown that the primary recognition of the metal siderophore complex involves the metal coordination center and its chirality (ref. 4). A clear early example of that is shown by iron uptake mediated by rhodotorulic acid (Figure 5) . Rhodotorulic acid is a dihydroxamic acid produced in relatively large amounts by the yeast Rhodotoru la pilimanae (ref. 24). As noted earlier, ferrichrome is a tri-hydroxamic acid which forms a ferric complex with a preferred A (left-handed propeller) geometry at the metal center. Although E. coli does not produce ferrichrome, it has an active transport system that can recognize and transport this siderophore. Since rhodotorulic acid is a dihydroxamic acid, it accomplishes the full octahedral coordination of iron by making complexes that have a 3:2 ligand to metal stoichiometry. The absolute configuration at the metal center in these complexes is A, opposite to that in ferrichrome. Thus the mirror image enantiorhodotorulic acid (which was obtained by direct synthesis) must then have a preferred absolute configuration at the metal center which is A. As shown in Figure 5 , it is the unnatural enantiorhodotorulic acid that was most effective in mediating iron uptake into E. coli, (ref. 25) . This is a consequence of the receptor protein recognizing preferentially the A absolute configuration for the tris-hydroxamate iron complex. That geometry only exists in the unnatural enantiorhodotorulic and similar experiments represented a new kind of chiral recognition in biology: recognition of the chirality at an octahedral mepl center rather than a chirality based on carbon. 
ENTEROBACTIN STRUCTURE AND Fe TRANSPORT
We will now focus exclusively on the siderophore enterobactin. Although this siderophore has now been known for almost 20 years, recent experimental results have finally explained two outstanding mysteries. Enterobactin is an extraordinarily powerful complexing agent, which is typical of the catecholate vs. hydroxamate siderophores (ref. 4) . The genetics of its transport process has been thoroughly characterized, particularly by Professor Braun and coworkers (ref. 26), and will not be further reviewed here. Although there is a whole cascade of proteins now characterized in the outer membrane transport, only the fep A protein, which is involved in the initial recognition and transport of the complex, is shown in Figure 6 . In the first application of MBssbauer spectroscopy to siderophore mediated iron transport (ref. 27) it was found that the enterobactin iron complex is taken up intact into the periplasmic region of the cell. 5. coli,, like other enteric bacteria, has two membranes, an outer and an inner (cytoplasmic) membrane. Although it was long thought in microbiology that the outer membrane only has a passive role in allowing molecular transport, there are now at least two examples, enterobactin mediated iron transport being one of them, where it is known that this is an active, energy-dependent, process (ref. 28 ). straight lines and these in effect give the maximum rate of transport and the effective binding constant of the siderophore complex by the receptor protein. As can been seen, the maximum rate for iron uptake mediated by MECAM is the same as enterobactin, but the binding constant is somewhat lower. It was also shown that MECAM is an absolute inhibitor of iron uptake mediated by enterobactin -again showing that the MECAM analog is interacting with the same receptor that normally recognizes ferric enterobactin. Even simpler complexes could be used further to probe this process. In the case of the simple catechol rhodium(III) complexes, the kinetic inertness of the of the rhodium complex ensures that the tris catechol rhodium(II1) complex remains intact during the transport experiment. Shown in Figure 9 is an example of the use of such a rhodium complex as an inhibitor. In one experiment the normal iron uptake mediated by enterobactin is shown as a function of time. In a second experiment a large excess of the rhodium complex is added at the point marked with an arrow, effectively shutting off further iron uptake mediated by enterobactin. This is characteristic of inhibition by competitive binding of the rhodium DMB complex at the metal site. In contrast (data not shown) the simple, unsubstituted rhodium catechol complex was not an inhibitor, showing that the carbonyl substitution on the catechol ring was an essential feature of the ferric enterobactin recognition process (ref. 30). Although early experiments had shown that the mirror image enantioenterobactin was not effective as a growth promoter (and by inference does not deliver iron to the microbial cell in a usable form) (ref. 31) recent experiments have shown that this is because of the preferential recognition of the metal center chirality by the fep A protein (ref. 31) . The difference in chirality must therefore be recognized later in the sequence of events that are shown in Figure 6 .
ENTEROBACTIN -STRUCTURE AND STABILITY
Although several synthetic analogs have been shown to be relatively effective in mimicking enterobactin, in every case they have been about a million fold weaker in their complexing ability. This is illustrated in Figure 10 . Shown in this figure is both the formal stability constant (that is the formation of the metal complex from the fully deprotonated ligand) as well as the so-called pM value, which is a direct measure of the relative free energy under the conditions stated. For a total metal ion concentration of one micromolar and a total ligand concentration of 10 micromolar at physiological The origin of that stability is due to the triserine ring, since hydrolysis of one of the ester linkages (Figure 11 ) leads to a million fold reduction in the stability of the complex. Direct calorimetric studies (ref. 33) established the enthalpy of this process for both the intact enterobactin and the socalled linear enterobactin, the hydrolysis product shown in the figure. Since these reactions had to be carried out near neutral pH, it was the proton-dependent equilibrium shown in the figure that was measured, hence the difference in value relative to the normal stability constant. Nevertheless these stability constants for ferric enterobactin and ferric linear enterobactin (Figure 11 ) are directly comparable and show the six order of magnitude decrease of the enterobactin synthetic analogs. This free energy decrease is about 1/3 enthalpic and 2/3 entropic in origin. There has been a greal deal of speculation about the origin of this special stability, but detailed structural information only recently has become available. The synthesis of the vanadium(1V) enterobactin complex gave for the first time usable crystals (ref.
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34).
The structure of the vanadium enterobactin complex anion is shown in Figure 12 . Important structural features of the complex are also shown. It should be emphasized that the amide proton to catechol oxygen hydrogen bond is an important feature not only of the stability of the complex but, it is now believed, the rapid rate of formation of this complex. The crystal structure of enterobactin synthetic analogs have clearly shown that the neutral catechol ligands rotate around the carboncarbon amide bond 180° so that the carbonyl oxygen hydrogen bonds with the protonated catechol in the neutral ligand. This structural change from the free ligand to the metal ligand complex involves only three degrees of freedom, as now can be seen from the structural information available. Shown in Figure 13 is the triserine backbone of enterobactin (with only the nitrogen substituenl atoms shown) and, at right, a comparable trilactone This imposes a fixed C-N vector for the amide linkages to the catechol groups and only one degree of freedom, rotation around this bond, is present for each catechol group. Hence the enterobactin molecule is predisposed for complexation (as opposed to preorganized, which would mean that the free ligand and metal ligand complex structures were essentially the same).
[V(enterobactin)] lactone trimer A synthetic test of this hypothesis has recently been concluded with the synthesis of sterically encumbered enterobactin analogs (ref. 36). Shown in Figure 14 is another comparison of enterobactin and MECAM and substituted derivatives. By putting ethyl groups at the positions alternating with the catechol amide functionalities, an imposition of an up-down-up-down conformation is imposed which is very similar to the predisposition of the enterobactin structure. As a consequence there is a 104 increase in the stability of this substituted MECAM compared to the unsubstituted compound! 
CONCLUSION
Iron transport mediated by low-molecular-weight chelating agents (siderophores) has many practical applications. Our understanding of the important process of iron uptake by microbial cells is facilitated by understanding the fundamental coordination chemistry of the complexes and the bioorganic chemistry of the ligands. Synthetic analogs of the siderophores have been used to probe not just the biological transport process itself but also the structural and thermodynamic properties of these extraordinary ligands.
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